Three broiler feeding trials were investigated in order to identify gut bacteria consistently linked with improvements in bird performance as measured by feed efficiency. Trials were done in various geographic locations and varied in diet composition, broiler breed, and bird age. Gut microbial communities were investigated using microbial profiling. Eight common performance-linked operational taxonomic units (OTUs) were identified within both the ilea (180, 492, and 564-566) and ceca (140-142, 218-220, 284-286, 312, and 482) across trials. OTU 564-566 was associated with lower performance, while OTUs 140-142, 482, and 492 were associated with improved performance. Targeted cloning and sequencing of these eight OTUs revealed that they represented 26 bacterial species or phylotypes which clustered phylogenetically into seven groups related to Lactobacillus spp., Ruminococcaceae, Clostridiales, Gammaproteobacteria, Bacteroidales, Clostridiales/Lachnospiraceae, and unclassified bacteria/clostridia. Where bacteria were identifiable to the phylum level, they belonged predominantly to the Firmicutes, with Bacteroidetes and Proteobacteria also identified. Some of the potential performance-related phylotypes showed high sequence identity with classified bacteria (Lactobacillus salivarius, Lactobacillus aviarius, Lactobacillus crispatus, Faecalibacterium prausnitzii, Escherichia coli, Gallibacterium anatis, Clostridium lactatifermentans, Ruminococcus torques, Bacteroides vulgatus, and Alistipes finegoldii). The 16S rRNA gene sequence information generated will allow quantitative assays to be developed which will enable elucidations of which of these phylotypes are truly performance related. This information could be used to monitor strategies to improve feed efficiency and feed formulation for optimal gut health.
Because feed constitutes approximately 70% of the cost of raising broiler chickens (1), the most common measures of bird performance have been linked to weight gain and feed efficiency. Broiler performance is closely linked to the genetics, diet, age, and rearing environment of the bird (1, 23, 32, 54) . Genetic selection has largely driven the vast improvements observed in weight gain and feed efficiency in meat chickens over the last 50 years, although a small proportion of these improvements have been attributed to nutrition and other management practices (32) . The genetic changes associated with improved weight gain and feed efficiency have also resulted in changes to the gut physiology and gut microbial community composition of birds (44) . Diet, age, and environmental factors have also been reported to influence the gut microbiota (43, 71, 72) . Therefore, there appears to be a clear link between bird performance and gut microbiota composition.
In medicine, much interest has already focused on the influence of the gut microbiota in human health (35, 78) and energy metabolism (73, 74, 83) . Interest in the role of gut microbiota in animal health, performance, and product safety has substantially increased since the European Union ban (2006) on the use of in-feed antimicrobials in livestock production (12) . In-feed antimicrobials improve feed conversion and animal growth and reduce morbidity and mortality due to clinical and subclinical disease (24) by modulating the gut microbiota and damping the immune response of the host (51, 58) . Feed enzymes are currently used widely in commercial poultry production to improve poultry performance by modifying the gut environment and associated microbiota (13, 72) .
The primary functions of the gastrointestinal tract are to absorb nutrients from the diet and to excrete waste products. The gut also contains a unique type of microbial ecosystem which is affected by the flow of nutrients from the diet, hostderived substrates such as mucin and bile acids, the immunological responses of the host, and gut anatomy (36, 44, 57, 82) . Conversely, the gut microbiota has significant impacts on the host, such as influencing the chick's gastrointestinal development, biochemistry, immunology, gene expression, physiology, and nonspecific resistance to infection (18, 26, 36, 50, 62, 82) . The gastrointestinal microbiota has one of the highest cell densities for any ecosystem and in poultry ranges from 10 7 to 10 11 bacteria per gram gut content (3) . Furthermore, the collective microbial genome (microbiome) has a coding capacity that vastly exceeds that of the host's genome, encoding biochemical pathways that the host has not evolved.
Facultative and microaerophilic bacteria (lactobacilli and related genera) dominate the ileum of the chicken, while obligate anaerobes (mainly clostridium related) dominate the ceca (4, 7, 28, 43, 82) . Within the ceca, culture-dependent techniques have identified over 40 different types of anaerobic Gram-negative and Gram-positive non-spore-forming rods and cocci, including several species of clostridia (4) . However, culture-independent analysis of the chicken cecal microbiota has estimated a bacterial population consisting of over 600 species from more than 100 genera, with a large proportion of these bacteria belonging to unclassified species or genera (3) . Hence, our knowledge of the gut microbiota composition, metabolic functions, and influence on animal health, welfare, and performance is far from complete.
The greatest determinant of gut microbiota composition is diet, and the microbiota is influenced by the dietary ingredients, nutrient levels of fat, protein, and carbohydrate, physical structure (particle size and processing technique), use of infeed antimicrobials (antibiotics and coccidiostats), and use of exogenous feed enzymes (33, 57) . Improvement in broiler performance may be due to the presence of beneficial bacterial species and/or absence of detrimental bacterial species. The gut microbiota has been reported to have both buffering (reducing energy loss when the host is in a fasted state) and counterproductive (reducing dietary energy utilization) actions on energy metabolism in chickens (47) . Although chicks raised in a germfree environment grow faster than those in conventional environments where they are exposed to microbial challenges (16) , germfree chicks have physiological abnormalities such as reduced intestinal motility, lower body temperature, and a poorly developed immune system (50) . All of these physiological functions were improved after addition of a normal microbiota to the gut (50) .
Several studies have been undertaken to investigate the influence of dietary changes on gut microbial community structure by using microbiological culturing techniques (4, 7, 33) , molecular culture-independent techniques (7, 43, 72, 82) , and indirect measurement of bacterial metabolic products such as short-chain fatty acids (SCFA) (7, 33) . However, understanding how these many diet-induced changes in gut bacterial community composition relate to important metabolic changes, and ultimately to broiler health and performance, is less clear. We have previously shown that overall changes in gut microbiota associated with nonstarch polysaccharide (NSP)-degrading enzyme supplementation were correlated with broiler performance (72) . However, it was not known whether this was a cause or effect of improved performance. Although knowledge of the ideal gut microbiota is still incomplete, it is apparent that a variety of diets can equally support optimal bird performance and maintain a healthy gut microbial balance. However, diet-related changes in the gut microbiota have not always translated into improved broiler performance (27, 54) . Therefore, the aim of this study was to determine if particular gut bacteria could consistently be linked with either improved or decreased performance, as measured by feed efficiency, across three independent broiler feeding trials.
MATERIALS AND METHODS

Poultry feeding trials.
Linkages were established with three independent poultry feeding trials investigating the influence of feed type on broiler performance as measured by the feed conversion ratio (FCR). Trials were approved by the following animal ethics committees: trial I was approved by the Department of Primary Industries and Fisheries Queensland Government Animal Ethics Committee, trial II by the University of New England Animal Ethics Committee, and trial III by the Primary Industries and Resources South Australia Animal Ethics Committee. Birds in all three trials were fed nutritionally balanced diets which met or exceeded 1994 National Research Council (NRC) standards (52) . For each trial, pen bird weights and amounts of feed consumed were recorded to enable FCRs to be calculated as the amount of pen weight gain/amount of feed consumed. All FCR values reported corresponded to the bird age at which gut samples were collected for microbial profiling.
(i) Trial I. Trial I investigated broiler performance on different dietary regimens, with a specific focus on sorghum varieties as detailed by Perez-Maldonado and Rodrigues (55) . One-day-old Arbor Acres broiler chicks (n ϭ 1,800) were obtained from a local hatchery (Darwalla Milling Company, Mt. Cotton, Queensland, Australia). Chicks were assigned to 1 of 60 floor pens (n ϭ 30/pen; 15 male and 15 female, with a stocking density of 4 birds/m 2 ) in a poultry shed at the Poultry Research Centre, Department of Primary Industries and Fisheries, Alexandra Hills, Queensland, Australia. Broilers received one of 10 dietary regimens (n ϭ 6 pens/treatment), with birds receiving starter diet from 0 to 21 days and then grower/finisher diet from 22 to 42 days (55) . Broiler gut microbiotas were investigated at 42 days of age from 4 of a possible 10 grower/finisher dietary regimens being evaluated in the trial and included a wheat control diet supplemented with xylanase (65.8% wheat, 17.1% soybean meal, 4.4% soybean oil, and 0.03% xylanase), sorghum B diet (63.9% sorghum, 21.4% soybean meal, 2% soybean oil), a commercial sorghum diet, and a commercial sorghum diet supplemented with exogenous phytase. Both sorghum commercial diets contained 65.5% sorghum, 20% soybean meal, and 1.9% soybean oil, but the phytase-supplemented diet also contained 0.015% phytase. All four diets contained 4% canola meal, 4% meat/bone meal, and 3% sunflower meal and had apparent metabolizable energy (AME) of 13 MJ/kg (see Table S1 in the supplemental material). None of the diets contained any in-feed antibiotics. All birds were raised on pine chip litter.
(ii) Trial II. Trial II investigated broiler performance on high-and low-dietaryfiber treatments in combination with different litter treatments (shredded paper versus hardwood sawdust). One-day-old Cobb 500 broiler chickens (n ϭ 720) were obtained from a local hatchery (Inghams' Casula Hatchery, Casula, New South Wales, Australia) and raised for 6 weeks in a temperature-controlled shed at Ingham Enterprises Research Facility in Leppington, New South Wales, Australia. Each pen (n ϭ 30 birds/pen, with a stocking density of 8.9 birds/m 2 ) was randomly assigned to one of four treatments, with six replicate pens per treatment (n ϭ 3 males and 3 females). Chickens in the experiment were raised from hatch until 42 days of age on one of four treatments. At the time gut microbial communities were investigated (day 35), birds were moving from finisher to withdrawal diet (34 to 36 days of age). The low-fiber finisher/withdrawal diet contained 75.6% wheat, 7.6% soybean meal, 6.3% meat meal, 5% canola meal, 3.8% poultry tallow, and 0.03% xylanase). The high-fiber finisher/ withdrawal diet contained 69.1% wheat, 7.4% soybean meal, 6.2% meat meal, 5% canola meal, 7% oat hulls, 3.8% poultry tallow, and 0.03% xylanase) (see Table S2 in the supplemental material). The high-and low-fiber diets had AME of 12.4 MJ/kg and 13.1 MJ/kg, respectively. Both the finisher and withdrawal diets contained 50 ppm zinc bacitracin, whereas only the finisher diet contained 60 ppm salinomycin, 125 ppm dinitolmide, and 2 ppm flavophospholipol.
(iii) Trial III. Trial III investigated broiler performance on different commercial broiler diets. One-day-old Cobb 500 broiler chickens (n ϭ 960) were obtained from a local hatchery (Inghams' Casula Hatchery, Casula, New South Wales, Australia) and raised for 6 weeks in 32 floor pens in a temperaturecontrolled shed at Ingham Enterprises Research Facility in Leppington, New South Wales, Australia. Each pen (n ϭ 30 birds/pen, with a stocking density of 8.9 birds/m 2 ) was randomly assigned to one of eight dietary treatments, with four replicate pens per treatment (n ϭ 2 males and 2 females). At the time that gut samples were collected for microbial profiling (42 days of age), birds had been receiving withdrawal feed for at least 6 days. Gut samples were collected from birds fed 4 of the 8 dietary treatments and included commercial diet A (16% wheat, 60.3% sorghum, 4.8% meat meal, 15.5% soybean meal, 1.4% tallow/oil, 0.015% phytase, and 15 ppm avilamycin), commercial diet B (15% wheat, 57.7% sorghum, 4.3% meat meal, 10.8% soybean meal, 7% canola meal, 2% sunflower meal, 1.5% tallow/oil, 0.015% xylanase, 15 ppm avilamycin, and 70 ppm zinc bacitracin), commercial diet F (50.0% wheat, 15.1% barley, 7.1% oats, 4.7% meat meal, 7.7% soybean meal, 6% canola meal, 5% lupin meal, 2.6% tallow/oil, 0.025% xylanase, and 15 ppm avilamycin), and commercial diet G (40.0% wheat, 33.2% sorghum, 6.5% meat meal, 7.5% poultry meal, 11% soybean meal, 0.030% xylanase, 93 ppm monensin sodium, and 15 ppm avilamycin) (see Table S3 in the VOL. 77, 2011 PERFORMANCE-RELATED GUT MICROBIOTAS IN BROILER TRIALS 5869 supplemental material). All diets had AME of 3.0 to 3.1 MJ/kg. All birds in the trial were raised on pine shavings. Microbial profiling. (i) Sample collection and nucleic acid extraction. Broiler gut samples from trial I were collected at 42 days of age from two male birds per pen on each of four dietary regimens: wheat control diet supplemented with xylanase, sorghum B, commercial sorghum, and commercial sorghum supplemented with phytase (n ϭ 12 birds/treatment). Gut samples from trial II were taken at 35 days of age from four birds per pen on each of the four treatments: paper litter and low-fiber diet, wood litter and low-fiber diet, paper litter and high-fiber diet, and wood litter and high-fiber diet (n ϭ 24 birds/treatment [12 males and 12 females]). Gut samples from trial III were taken at 42 days of age from six birds per pen on each of four dietary treatments: A, B, F, and G (n ϭ 24 birds/treatment [12 males and 12 females]).
All birds were euthanized by cervical dislocation. An approximately 2-cm section of the ileum (tissue and associated digesta), midway between the Meckel's diverticulum and cecal junction, and one cecum were collected from each chicken. Following collection, samples were kept on ice until frozen at Ϫ20°C and later freeze-dried. Total nucleic acid was extracted from chicken gut by a modification (72) of a proprietary extraction method developed by the South Australian Research and Development Institute (66) .
(ii) T-RFLP. Terminal restriction fragment length polymorphism (T-RFLP) analysis was done following a previously described technique (70, 72) . In brief, bacterial 16S rRNA was amplified with universal 16S bacterial primers 27F (39) and 907R (48) . The forward primer (27F) was 5Ј-end labeled with 6-carboxyfluorescein (FAM) to enable subsequent detection of terminal restriction fragments (T-RFs) following restriction endonuclease digestion of resulting amplicons with MspI. The lengths of fluorescently labeled T-RFs were determined by comparison with an internal size standard (GeneScan 1200 LIZ; Applied Biosystems, Australia) following separation by capillary electrophoresis on an ABI 3730 automated DNA sequencer (Applied Biosystems, Australia). Data were analyzed using GeneMapper v3.7 software (Applied Biosystems, Australia). Data points generated by the GeneMapper software were further analyzed using a custom-built database containing queries to validate data points and generate outputs for statistical analysis (72) . T-RFs were defined as peaks with a size of x Ϯ 2 bp within pseudoreplicates of samples and rounded to the nearest even number to produce operational taxonomic units (OTUs).
Statistical analysis. Trial I performance data were analyzed statistically using analysis of variance (ANOVA), and significant (P Ͻ 0.05) differences between treatment means were determined using the least significant difference (LSD) test in GenStat (55) . Trial II and III performance data were each analyzed with SAS for Windows, version 9.1 (base SAS software; SAS Institute Inc., Cary, NC). Data were compared by ANOVA using the general linear model (GLM), with differences between treatments determined by Duncan's multiple range test. All values for weight gain and FCR are expressed as means Ϯ standard errors (SE).
OTUs obtained from the ileal and cecal microbial communities of individual broiler chickens from trial I (n ϭ 48), trial II (n ϭ 96), and trial III (n ϭ 96) were each analyzed using multivariate statistical techniques (Primer 6; Primer-E Ltd., Plymouth, United Kingdom). These analyses were used to examine similarities in chicken ileal and cecal bacterial communities associated with treatment and sex where applicable. Bray-Curtis (10) measures of similarity were calculated to examine similarities between gut microbial communities of birds from the T-RFLP data (following standardization and fourth root transformation). One-way or two-way analysis of similarity (ANOSIM) (15) was used to test if gut microbial communities were significantly different between diets or diets and sex, respectively. The R statistic describes the extent of similarity between each pair in the ANOSIM analysis, with values close to unity indicating that the two groups are entirely separate and a zero value indicating that there is no difference between the groups.
Similarity percentage (SIMPER) (15) analyses were done to determine which OTU contributed most to the dissimilarity between treatments. The overall average dissimilarity (␦ ) between gut microbial communities of birds on differing diets was calculated, and the average contribution of the ith OTU (␦ i ) to the overall dissimilarity was determined. The average abundance (y ) of important OTUs in each of the groups was determined. OTUs contributing significantly to the dissimilarity between treatments were calculated as ␦ i /SD(␦ i ) Ͼ 1. The percent contribution of individual OTUs (␦ i %) and cumulative percent contribution (͚␦ i %) to the top 60% of average dissimilarities were also calculated.
Unconstrained ordinations were done to graphically illustrate the relationships between diet and performance level by using nonmetric multidimensional scaling (nMDS) (38, 61) . nMDS ordinations attempt to place all samples in an arbitrary two-dimensional space such that their relative distances apart match the corresponding pairwise similarities. Hence, the closer two samples are in the ordination, the more similar are their overall gut bacterial communities. "Stress" values (Kruskal's formula 1) reflect the difficulty involved in compressing the sample relationship into the two-dimensional ordination.
Isolation, PCR amplification, and cloning of OTUs of interest. T-RFs were isolated from OTUs significantly associated with performance differences. Multiple samples containing OTUs of interest were targeted. When possible, samples were chosen which lacked other OTUs within Ϯ10 bp. A combination of adapter ligation, fragment size selection, and reamplification with adapter-specific PCR was used to isolate T-RFs of interest as previously described (70, 80) . Doublestranded MspI-adapter was prepared and ligated to restriction fragments as described by Widmer et al. (80) . Size selection of T-RFs of interest was done by gel electrophoresis in a SEA 2000 electrophoresis apparatus (Elchrom Scientific Inc., Switzerland), using precast Spreadex gels (EL 400, 600, 800, or 1200; Elchrom Scientific Inc., Switzerland) (70) . Following gel electrophoresis, a size range of approximately Ϯ50 bp of the T-RFs of interest was excised from the gel. The gel slice was cut into equally sized pieces, each corresponding to a size range of approximately 12 bp. DNA was eluted from the gels as described by Widmer et al. (80) . Eluted DNA was used as a template for PCR amplification with primers 27F and MspI-adapter-primer (80) as described by Torok et al. (70) . PCR products were analyzed in a 2% agarose gel and visualized following staining with ethidium bromide. Single amplification products within the expected size range were excised and purified using a Macherey-Nagel NucleoSpin Extract II kit (Scientifix, Clayton, Australia) according to the manufacturer's instructions. Purified products were cloned and recombinant plasmids purified as previously described (70) .
16S rRNA gene sequence analysis. Plasmids were sequenced by Macrogen Inc., Seoul, South Korea. Vector sequence was removed using Staden Package Pregap4, version 1.5 (9) . Sizes of T-RFs were predicted in silico by using WatCut (http://watcut.uwaterloo.ca/watcut/watcut/template.php?actϭrestriction_new; Michael Palmer, University of Waterloo, Canada). 16S rRNA gene sequence data were assigned to a bacterial taxonomic hierarchy using the Ribosomal Database Project (RDP) Release 10 classifier (79) . The classifier estimates the classification reliability by using bootstrapping. For sequences shorter than 250 bp, a bootstrap cutoff threshold of 50% was used, while for longer sequences, the default cutoff of 80% was used (14) . T-RFs were assigned to OTUs based on the closest nucleotide length match or within Ϯ8 bp. BLASTn searches with nucleotide collection (nr/nt) databases and the Megablast algorithm (National Centre for Biotechnology Information [NCBI]) were used to identify the similarity of T-RFs to other sequences available in public genome sequence databases (2) . Unrooted neighbor-joining trees of 16S rRNA gene sequences from T-RFs of interest and related sequences identified in NCBI databases were constructed. Sequences were aligned with ClustalW (69), and a bootstrapped (n ϭ 500) consensus tree was created with MEGA 4 (67). The evolutionary distances were computed using the maximum composite likelihood method (68) .
Nucleotide sequence accession numbers. Representative 16S rRNA gene sequences from cloning experiments were deposited in GenBank with accession numbers JF797629 to JF798255.
RESULTS
Broiler performance. (i) Trial I.
In trial 1, live weight gain at 0 to 42 days was significantly (P Ͻ 0.05) decreased for birds on the wheat control diet supplemented with xylanase (2,595 Ϯ 22 g/bird) compared to those on the sorghum B (2,679 Ϯ 18 g/bird), commercial sorghum (2,675 Ϯ 23 g/bird), and commercial sorghum with phytase (2,674 Ϯ 21 g/bird) diets (55) . Feed conversion efficiency was significantly (P Ͻ 0.05) decreased for birds at 0 to 42 days on the wheat control (1.788 Ϯ 0.010 g/g) diet compared to those on the sorghum B (1.721 Ϯ 0.013 g/g), commercial sorghum (1.728 Ϯ 0.006 g/g), and commercial sorghum with phytase (1.739 Ϯ 0.004 g/g) diets (55) .
(ii) Trial II. In trial II, the litter type in combination with diet composition significantly (P Ͻ 0.05) influenced the FCR at 0 to 35 days of age. Birds were more feed efficient on a lowfiber diet if they were housed on wood litter (1.481 Ϯ 0.018 g/g) than if they were housed on paper litter (1.538 Ϯ 0.023 g/g). The sex of birds also significantly (P Ͻ 0.001) influenced the FCR at 35 days of age, with males having a higher feed efficiency (1.482 Ϯ 0.009 g/g) than females (1.551 Ϯ 0.010 g/g).
The body weight of male chickens at 35 days of age (2,285 Ϯ 14 g/bird) was significantly (P Ͻ 0.001) higher than that of female chickens (1,993 Ϯ 13 g/bird). Litter type in combination with sex was found to significantly (P Ͻ 0.05) alter body weight at 35 days of age, with females growing slower on paper litter (1,960 Ϯ 17 g/bird) than on wood litter (2,026 Ϯ 6 g/bird).
(iii) Trial III. In trial III, there were significant differences (P Ͻ 0.001) in FCR among dietary treatments at 42 days of age. Birds on the commercial G (1.501 Ϯ 0.050 g/g) and commercial F (1.554 Ϯ 0.068 g/g) diets had significantly improved feed efficiency compared with birds on the commercial A (1.583 Ϯ 0.052 g/g) and commercial B (1.603 Ϯ 0.061 g/g) diets.
Birds fed the commercial G diet had the most significantly improved feed efficiency of birds on any of the diets investigated. The sex of birds also significantly (P Ͻ 0.001) influenced the FCR, with males having a higher feed efficiency (1.465 Ϯ 0.008 g/g) than females (1.666 Ϯ 0.009 g/g).
Microbial profiling. (i) Trial I. In feeding trial I, diet had a significant influence on ileal microbial community composition (global R ϭ 0.079; P ϭ 0.015), with significant pairwise differences detected between birds on the wheat control diet and those on the sorghum commercial diet (R ϭ 0.221; P ϭ 0.007) and between the wheat control diet and the sorghum commercial diet supplemented with phytase (R ϭ 0.128; P ϭ 0.042). Diet did not have a significant influence on the cecal microbial community composition (global R ϭ 0.048; P ϭ 0.075). Seven and six OTUs were identified by SIMPER analysis as significantly contributing to the dissimilarity in ileal bacterial community composition between the wheat control and sorghum commercial diets (see Table S4 in the supplemental material) and between the wheat control diet and sorghum commercial diet with added phytase (see Table S5 ), respectively. Six OTUs were identified as being common between the control wheat diet and either of the commercial sorghum diets, with OTUs 76, 180, 468, 492, and 936 being more abundant in the betterperforming sorghum commercial diets and OTU 564 being more abundant in the poorer-performing wheat control diet (Table 1) .
Similarities in ileal microbial community composition for birds on the same diet ranged from 32 to 48% and were higher than the similarities in cecal microbial communities for birds on the same diet (24 to 37%). Birds fed the wheat control diet showed the most variability in both ileal and cecal microbial community composition, while birds fed the commercial sorghum diet and the phytase-supplemented commercial sorghum diet showed the least variability in cecal and ileal microbial communities, respectively.
(ii) Trial II. Multivariate statistical analysis was used to investigate differences in gut microbial communities from either the ilea or ceca of birds. Factors investigated were litter/ dietary fiber composition and sex of birds. No significant differences were detected in the ileal microbial community composition among litter-diet combinations (global R ϭ 0.025; P ϭ 0.110) across both sexes or between sexes of birds (global R ϭ 0.033; P ϭ 0.095) across all litter-diet combinations. However, significant differences were detected in the cecal microbial community composition among litter-diet combinations (global R ϭ 0.089; P ϭ 0.001) across both sexes and between sexes of birds (global R ϭ 0.046; P ϭ 0.034) across all litter-diet combinations. Therefore, cecal microbial communities from males and females were further analyzed separately. Significant differences in cecal microbial communities among litterdiet combinations were detected in both males (global R ϭ 0.084; P ϭ 0.006) and females (global R ϭ 0.094; P ϭ 0.001). For both sexes, significant (P Ͻ 0.05) pairwise differences were detected between birds fed a low-fiber diet and raised on wood versus paper litter and birds raised on paper and fed a highfiber diet versus birds raised on wood and fed a high-fiber diet. SIMPER analysis showed that similarities in cecal microbial communities of birds on a particular treatment ranged from 45 to 61% and 33 to 51% for males and females, respectively, while ileal microbial community similarities for birds on the same treatment ranged from 35 to 45%. Birds reared on wood litter showed less variability in both their ileal and cecal microbial communities, regardless of dietary treatment.
SIMPER analysis identified 22 OTUs as being significantly different between birds fed the low-fiber diet and raised on shredded paper versus hardwood litter for males (see Table S6 in the supplemental material) and for females (see Table S7 ), although only 16 OTUs were common to both sexes. In both sexes, OTUs 218, 284 to 286, and 312 were more abundant in the lower-performing birds on low dietary fiber and paper litter treatment, while OTUs 92 to 94, 142, 198, 206 to 208, 482, and 542 were more abundant in the higher-performing birds on the low-fiber diet and wood litter treatment (Table 1) .
(iii) Trial III. Multivariate statistical analysis was used to investigate differences in gut microbial communities from either the ilea or ceca of birds. Factors investigated were diet and sex of birds. No significant differences were detected in the ileal microbial community composition between sexes of birds (global R ϭ 0.031; P ϭ 0.127); however, significant differences were detected among diets (global R ϭ 0.331; P ϭ 0.001) across both sexes. All ileal dietary pairwise comparisons were significant (P Ͻ 0.05), with the exception of that between diet A and diet B. Significant differences (global R ϭ 0.253; P ϭ 0.001) in ileal microbial communities were also observed between higher-performing birds (fed diets F and G) and poorerperforming birds (fed diets A and B). Seven OTUs were identified as significantly contributing to dissimilarity in ileal bacterial community composition between birds with improved performance and poorer-performing birds (see Table S8 in the supplemental material). OTUs 454 and 492 were more abun- a NS, no significant difference in microbial community composition detected between dietary treatments for which performance differences were detected.
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dant in the groups with improved performance, while OTUs 180, 188, 506, 566, and 938 were more abundant in the lowerperforming groups (Table 1) . Within the ceca, significant differences in microbial community composition were detected between the sexes across all diets (global R ϭ 0.281; P ϭ 0.001) and among diets across both sexes (global R ϭ 0.541; P ϭ 0.001), with all dietary pairwise comparisons being significantly different. Therefore, cecal microbial communities from male and female birds were analyzed separately. Significant differences were also observed in cecal microbial communities between birds with improved performance (diets F and G) and poorer-performing birds (diets A and B) for both males (global R ϭ 0.535; P ϭ 0.001) and females (global R ϭ 0.297; P ϭ 0.001). Differences in cecal microbial communities of male birds fed the four diets are shown in Fig. 1a , with separation into birds with improved performance and poorer-performing birds shown in Fig. 1b . Eleven and 16 OTUs were identified as contributing significantly to the dissimilarity in cecal bacterial community composition between birds with improved performance and poorer-performing birds for females (see Table S9 in the supplemental material) and males (see Table S10 ), respectively, with 11 common OTUs identified in both sexes. OTUs 140 to 142, 218 to 220, 284, 312, 482, 488, and 536 were more abundant in the better-performing groups, while OTU 212 was more abundant in the lower-performing groups (Table 1) . Similarities in ileal microbial communities ranged from 41 to 54%, while cecal microbial communities ranged from 35 to 49% (females) and 45 to 51% (males) for birds on the same dietary treatment. Similarities in gut microbial communities were generally higher for birds on diets resulting in improved performance.
Results from all three performance trials are summarized in Table 1 . OTUs are listed if changes in ileal and/or cecal microbial communities were detected in response to dietary treatment and these could also be linked to broiler performance as determined by FCR. Within the ilea, three common OTUs were identified across trials (180, 492, and 564-566). Of these, OTU 492 was consistently associated with improved performance, and OTU 564-566 was associated with poorer performance. Within the ceca, five common OTUs were identified (140-142, 218-220, 284-286, 312, and 482), with OTUs 140-142 and 482 consistently associated with improved performance.
Sequence information on OTUs. Targeted cloning and sequencing of OTUs generated 16S rRNA T-RF sequence information from 627 clones. Not all bacterial sequences identified represented significant performance-related OTUs, because size estimation was based on gel electrophoresis. Some of the 16S rRNA gene sequences could be identified only as unclassified bacteria. In cases where 16S rRNA gene sequences representing the commensal gut microbiota which included potential performance-related OTUs could be classified further, they belonged to the phyla Firmicutes, Bacteroidetes, Proteobacteria, and Verrucomicrobia. Many sequences could be classified further, using the RDP classifier, to the class (Bacilli and Clostridia), order (Clostridiales and Lactobacillales), family (Enterobacteriaceae, Lachnospiraceae, and Ruminococcaceae), or genus (Akkermansia, Alistipes, Anaerotruncus, Bacteroides, Campylobacter, Gallibacterium, Lachnospiraceae incertae sedis, Lactobacillus, Peptostreptococcaceae incertae sedis, Shigella, and Subdoligranulum) level.
Only the 16S rRNA T-RF sequence data generated from OTUs significantly associated with performance were used to construct a phylogenetic tree (Fig. 2) . Some T-RFs were shown to form several clades on the phylogenetic tree: T-RF 286 formed two clades, related to Ruminococcaceae and Faecalibacterium. Significant T-RFLP-generated OTUs and the 16S rRNA T-RF sequence information they are likely to represent are indicated in Table 2 . Discrepancies between sequencedetermined T-RFs and observed fragment sizes (T-RFLP-generated OTUs) were evident. Furthermore, some T-RFLP-generated OTUs could represent several bacterial groups, such as T-RFLP-generated OTUs 492, 564-566, 312, 218-222, 284-286, and 482 ( Table 2 ). The 16S rRNA genome sequences of T-RFs indicate that some of the T-RFLP-generated OTUs may have resulted from incomplete restriction enzyme digestion, e.g., T-RF 181 (OTU 180) and T-RF 181/570 (OTU 564-566) were identical (Lactobacillus crispatus) (Fig. 2) . However, similar in silico-predicted endonuclease restriction sites did not always result in identifying the same bacterial species, e.g., T-RF 222/314 (Clostridiales) was not a partial digest of T-RF 222 (Lachnospiraceae) (Fig. 2) . The phylogenetic tree clustered phylotypes into 7 major groups according to classifi- Table 2) .
DISCUSSION
Three broiler performance trials were investigated in an attempt to identify gut bacteria which could be linked with bird performance. Although there are several ways of assessing broiler performance, such as weight gain, feed efficiency, and energy utilization, FCR (amount of feed consumed per unit of body weight gain) was used in this study because it is widely used in the poultry industry (1). Trials were done in various geographic locations and varied in composition of raw dietary ingredients, dietary supplementation with antimicrobials (antibiotics and coccidiostats) and exogenous feed enzymes, broiler breed, bird age, and rearing environment. All of these factors have been shown to influence broiler performance (1, 23, 32, 54) and/or to alter gut microbiota composition (43, 44, 71, 72) . Within trials, different consortia of gut microorganisms were identified as being able to equally maintain and promote optimal broiler performance, yet we were able to identify eight common OTUs linked to broiler performance across the three feeding trials investigated. These included OTUs 180, 492, and 564-566, identified within the ileum, and OTUs 140-142, 218-220, 284-286, 312, and 482, identified within the ceca. OTU 564-566 was associated predominantly with lower performance, while OTUs 492, 140-142, and 482 were associated predominantly with improved performance. In this study, birds on diets exhibiting significantly lower performances generally showed greater between-bird variation in gut microbial communities. Large variations in chick performance have also been reported between birds on the same treatment (16) and may be linked to the variability in the gut microbiota. Furthermore, maternal nutrition has been shown to alter chick gut development (56) , which has been linked indirectly to microbiota development and biological variation between birds (44). Targeted cloning and sequencing of the eight performancerelated OTUs revealed that they may represent 26 different bacterial species or phylotypes. Therefore, many of the OTUs identified by T-RFLP analysis contained several bacterial phylotypes which could contribute to the observed changes in microbial community composition. T-RFLP analysis has been shown to significantly underestimate bacterial richness, but it does detect the same dominant species within a sample as that detected by clone libraries (53) . Furthermore, similar levels of relative diversity have been predicted by both methods (53) . Five of the 26 potential performance-related phylotypes identified could be classified only as unknown bacteria, and the remaining 21 phylotypes could be classified to the class, order, family, genus, or even species level. Twelve of the phylotypes identified belonged to the order Clostridiales and represented sequences obtained from the ceca. The chicken cecum and its mucosal tissue are dominated by clostridium-related species (7, 28, 45) . Clostridium-related bacteria within the gut have been shown to produce SCFA, with clostridium cluster IX producing predominantly propionate and clusters IV (Clostridium leptum group) and XIVa (Clostridium coccoides group) producing primarily butyrate (75) . The C. coccoides group is likely to be important in colonization resistance, acting as a barrier against invasion by other potentially pathogenic microbes (75) .
The potential performance-related bacteria identified in this study belonged predominantly to the phylum Firmicutes, with Bacteroidetes and Proteobacteria also detected. In humans, changes in abundance of Firmicutes and Bacteroidetes have been implicated in differences in the ability to harvest energy, with the latter being more dominant in obese individuals (74, 83) . Although some of the potential performance-related bacteria could be classified only as unknown bacteria, they did show high sequence identities (90 to 100%) with other unclassified bacteria in public genome sequence databases. Many of these similar sequences were identified from studies investigating the relationships between the gut microbiome and host metabolic phenotypes, gut microbiotas in various host species, including poultry, and the role of the gut microbiota in gut health (35, (40) (41) (42) 73) . Nearly half of the potential performance-related T-RFs identified in this study showed high nucleotide sequence identity with culturable bacterial type strains in public genome databases. In this study, OTU 564-566 was consistently identified within the ileum as being associated with decreased performance across trials and potentially represents three Lactobacillus spp. (31, 37) . This bacterial activity lowers the detergent properties of bile acids in the emulsification of fat and leads to growth depression in chickens (31, 37) . Lactobacillus communities are influenced by the presence of in-feed antimicrobials; however, this is dependent on the antimicrobial used and the bacterial species. L. salivarius has been shown to be decreased with antibiotic treatment (21, 29) , while L. crispatus has been shown to increase in prevalence in chicks fed various in-feed antimicrobials posthatch (21, 70) .
OTU 482, which was associated predominantly with improved performance in the ceca, may represent six phylotypes. Two of these phylotypes could be related to C. lactatifermentans (T-RF 488) or R. torques (T-RF 224/316/487). C. lactatifermentans is a Gram-positive lactate-fermenting obligate anaerobe belonging to clostridium cluster XIVb and has been isolated from the ceca of chickens (77) . C. lactatifermentans grows on a variety of organic compounds which are converted to acetate, propionate, and traces of butyrate and isovalerate. C. lactatifermentans in combination with L. crispatus has been shown to inhibit Salmonella enterica serovar Enteritidis in vitro (76) . R. torques belongs to the C. coccoides (XIVa) group and is known to degrade gastrointestinal mucin (81) . Mucolytic potential is widespread among the intestinal bacteria (20, 75) . Mucin production has been shown to change in chicks as a result of gut bacterial colonization, suggesting altered host gene expression in response to the gut microbiota (26) . Withholding of enteral nutrients results in commensal and pathogenic bacteria using mucus as a substrate, hence weakening the protection provided by the intestinal mucous layer (19) . In poultry, probiotics, in-feed antibiotics, feed enzymes, and feed withdrawal have all been shown to alter mucin biosynthesis, composition, and/or degradation via changes to the intestinal bacterial populations (60, 63, 64) .
OTU 492 was associated predominantly with improved broiler performance and may represent two phylotypes. These are bacteria related to G. anatis (T-RF 493) and E. coli (T-RF 496). This was somewhat surprising, as both of these bacteria have the potential to be pathogenic. G. anatis is capable of causing serious systemic infections affecting multiple organ systems, although the mechanism of pathogenesis remains obscure (8) . Gallibacterium spp. have been found to be present in the upper respiratory tract as well as the lower genital tract of chickens (8) . The 16S rRNA gene sequences related to G. anatis were isolated from the guts of healthy male and female birds across trials. E. coli is also viewed as a pathogen in both livestock and humans. E. coli has been shown to produce colitis in mice, but not all E. coli strains are capable of inducing colitis, such as E. coli Nissle (78) . Indeed, E. coli Nissle has been used widely as a probiotic in both humans and livestock (5) . Hence, the metabolic activity of bacterial strains of a species can vary greatly, and bacterial strains can dramatically differ in their probiotic potential (78) , often displaying host specificity (4) .
The fact that several phylotypes were represented by a single OTU may explain why some of the potential performancerelated OTUs identified were not consistently associated with either improved or poorer performance across trials. For example, OTU 218-220 was more abundant in the ceca of poorer-performing birds in trial II, while it was more closely associated with improved performance in trial III. T-RFLP analysis determined the OTU 218-220 represents five phylotypes (T-RFs 210, 216, 221, 222, and 224). If one of these phylotypes was performance related and hypothetically decreased in abundance in birds with improved performance, its response may have been masked by another phylotype in the same OTU cluster, which could have been increased in abundance due to some other, non-performance-related factors. Hence, if a particular OTU represents several species, the relative abundance of an individual phylotype within the group cannot be established. Further investigation of these phylotypes by use of quantitative assays is required to determine if they are truly performance related. This could be resolved by designing quantitative PCR (qPCR) assays to obtained 16S rRNA gene sequence information, but this was beyond the scope of the current work.
OTU 218-220 may represent five phylotypes and was not consistently associated with either improved or poorer performance across trials. Two of these phylotypes are related to A. finegoldii (T-RF 210) and B. vulgatus (T-RF 216). Although Alistipes spp. (anaerobic, non-spore-forming, nonmotile Grampositive bacteria) have been isolated from feces of humans (49) , no putative function has been reported. Alternatively, B. vulgatus, a Gram-negative anaerobe, is one of the most numerous bacterial species in the human colon, accounting for approximately 10 to 12% of the bacterial population (46) . An inverse relationship between B. vulgatus and salmonella has been observed in the chicken gut (4) . Although the possible relationship is not understood, it is believed to be one of competition for limiting nutrients rather than antibacterial activity (4) . A strain of B. vulgatus has also been shown to have the potential to ameliorate E. coli-induced colitis development in mice (78) .
OTU 284-286 may represent six phylotypes and also was not consistently associated with either improved or poorer performance across trials. Two of these phylotypes (T-RF 286) may be related to F. prausnitzii, a Gram-negative obligate anaerobe belonging to the C. leptum group (cluster IV), which is dominant in the ceca of chickens (45) . F. prausnitzii is urolytic, has a requirement for acetate, and produces SCFA such as butyrate, formate, and lactate (59) . Butyric acid has been shown to have an important function in protection against pathogens in poultry (25) .
Weaknesses noted in the techniques used to identify OTUs within this study were the potential for incomplete restriction enzyme digestion of PCR amplicons and discrepancies between T-RFLP-generated OTUs and actual T-RF lengths, both of which have been reported previously (11, 22, 34) . Despite these shortcomings, the techniques employed in this study did successfully identify treatment (dietary and performance) differences. Fingerprinting techniques such as T-RFLP analysis are still orders of magnitude cheaper and faster to perform than metagenomic pyrosequencing and can be used successfully to analyze large numbers of samples while maintaining interindividual variability (30) . Although metagenomic pyrosequencing would have produced a greater depth of bacterial phylogenetic sequence information (including the non-treatment-related microbiota), this high-resolution analysis is not always warranted (14) . Despite the diversity in gut bacterial assemblages among human individuals, it has been shown that they yield a core microbiome at the functional level and that deviations from this core are associated with differences in the host physiological state (73) . Gut bacterial function was not investigated in our study but may explain why a variety of gut microbiota were able to maintain optimal performance. Indeed, several gut bacteria isolated from chickens have already been shown to have various important biochemical properties. Recently, Clostridium perfringens, Enterococcus faecium, Streptococcus bovis, and Bacteroides spp. were shown to have polysaccharide-degrading activity against NSPs found in grain (6) . Furthermore, bacterial species or genera may have multiple functions (6, 17, 37 ). It appears that it is both the bacterial genes and the bacterial species present within the gut that are important. Turnbaugh et al. (73) found that obese individuals had a larger proportion of genes for digesting fat, protein, and carbohydrates, which might make them better at extracting and storing energy from food.
The 16S rRNA gene sequences generated in this study have established the basis for developing quantitative assays for these organisms. This will ultimately allow us to validate the presence of performance-related gut bacteria and potentially use these assays to monitor strategies to improve feed efficiency. Despite some of the 16S rRNA gene sequences being identified as unclassified bacteria, the sequence information can be used to PCR screen and potentially isolate these bacteria from culture (65) . It is also promising that so many 16S rRNA gene sequences did show similarity with classified bacteria, which could lead to the development of poultry-specific probiotics. Overall, our results are promising in our quest to identify potential performance-related gut bacteria in poultry. Understanding the dynamics of the gut microbial community, or microbial balance, is necessary to establish or develop strategies to improve feed efficiency and growth rate, avoid intestinal diseases and proliferation of food-borne pathogens, and identify better feed additives and nutrient levels that influence beneficial microbial communities. Nutritional strategies to manage the composition of the intestinal microbiota, and thus the detrimental or beneficial outcomes, will have practical value in the future.
